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Fungal fatty acid synthase (fFAS) is a key paradigm
for the evolution of complex multienzymes. Its 48
functional domains are embedded in amatrix of scaf-
folding elements, which comprises almost 50% of
the total sequence and determines the emergent
multienzymes properties of fFAS. Catalytic domains
of fFAS are derived from monofunctional bacterial
enzymes, but the evolutionary origin of the scaf-
folding elements remains enigmatic. Here, we iden-
tify two bacterial protein families of noncanonical
fatty acid biosynthesis starter enzymes and trans-
acting polyketide enoyl reductases (ERs) as potential
ancestors of scaffolding regions in fFAS. The archi-
tectures of both protein families are revealed
by representative crystal structures of the starter
enzyme FabY and DfnA-ER. In both families, a
striking structural conservation of insertions to scaf-
folding elements in fFAS is observed, despite
marginal sequence identity. The combined phyloge-
netic and structural data provide insights into the
evolutionary origins of the complex multienzyme
architecture of fFAS.
INTRODUCTION
Fatty acids are central components of biological membranes,
serve as energy storage compounds, and act as second mes-
sengers or as covalent modifiers governing protein localization.
Inmost eukaryotes, their biosynthesis is catalyzed by giantmulti-
functional enzymes, the fatty acid synthases (type I FASs) (Maier
et al., 2010; Schweizer and Hofmann, 2004; Smith et al., 2003),
while bacteria and plants employ a series of monofunctional
enzymes (type II FAS) (Campbell and Cronan, 2001; Rock and
Jackowski, 2002; White et al., 2005). All FAS systems are built
on a conserved set of chemical reactions and enzymatic activ-
ities: an acetyl primer and malonyl elongation substrates are
loaded from coenzyme A (CoA) to the phosphopantetheinylated
acyl carrier protein (ACP) by acetyl-transferase and malonyl-
transferase (AT and MT) and are condensed to acetoacetyl-
ACP under decarboxylation by ketoacyl synthase (KS). In three
subsequent reaction steps, the b carbon group is processed
by ketoacyl reductase (KR), dehydratase (DH), and enoyl reduc-Structure 22, 1775–17tase (ER) to yield a saturated acyl-ACP elongated by a two-
carbon unit. This product serves as a primer for the next round
of elongation, and the elongation cycle continues until a chain
length of C16 or C18 is reached. In a terminating step, fatty acids
are back transferred to CoA or released by thioesterase (TE). The
eukaryotic type I FAS integrates all these enzymatic activities
required for de novo fatty acid biosynthesis into unique protein
assemblies catalyzing more than 40 reaction steps. These type
I FASs are prototypic paradigms for the general trend in eukary-
otes toward the formation of larger multidomain proteins, which
minimize unspecific interactions and permit advanced regulation
of localization, activity, and degradation (Leibundgut et al.,
2008).
Two strikingly distinct type I FASs have evolved in eukaryotes,
the metazoan and the fungal FAS (fFAS). The metazoan FAS is a
540 kDa homodimer with two complete sets of functional do-
mains and a versatile architecture defined by a minimal amount
of scaffolding elements (Maier et al., 2006, 2008). Structural anal-
ysis of metazoan FAS and bacterial polyketide synthases (PKSs)
revealed a common architecture (Keatinge-Clay, 2012; Smith
and Sherman, 2008; Smith and Tsai, 2007), which is used in
PKS to synthesize a broad spectrum of secondary metabolites
(Leibundgut et al., 2008; Staunton and Weissman, 2001). A fully
methylating, iterative bacterial PKS was identified as a common
evolutionary ancestor of metazoan FAS and modular PKS based
on the presence of an evolutionary remnant of a methyltransfer-
ase domain in themetazoan FAS structure (Jenke-Kodama et al.,
2005; Maier et al., 2008).
fFAS forms a 2.6 megadalton assembly comprising 48 func-
tional domains, as exemplified by the yeast a6b6-heterododeca-
meric FAS. In addition to the enzymatic activities for fatty acid
elongation, it may also incorporate a phosphopantetheinyl trans-
ferase (PPT) domain, for cofactor attachment to the ACP. All
domains are embedded into a scaffolding matrix that comprises
nearly 50% of the total mass and mediates the majority of archi-
tectural interactions determining the spatial arrangement of
catalytic centers (Grininger, 2014; Jenni et al., 2006, 2007;
Leibundgut et al., 2007; Lomakin et al., 2007). fFAS adopts a
unique barrel-shape structure with two domes enclosing two
reaction chambers, each housing three sets of functional
domains, separated by a central wheel structure (Figure 1A).
This architecture is shared with the more recently described,
closely related CMN-FAS systems in Corynebacteria,Mycobac-
teria, and Nocardia (Gago et al., 2011; Schweizer and Hofmann,
2004), which have a slightly lower number of scaffolding expan-
sions and lack an internal PPT (Boehringer et al., 2013; Ciccarelli
et al., 2013). The CMN and fFAS are among the most complex85, December 2, 2014 ª2014 Elsevier Ltd All rights reserved 1775
Figure 1. Comparison of Bacterial and
Fungal TIM-Barrel-Fold ERs
(A) Crystal structure of yeast FAS (PDB ID: 2UV8).
The KS, ER, and KR domains are colored in
orange, green, and yellow, respectively.
(B) Sequence organization of the ER domains of
FabK, trans-AT PKS, PUFA, CMN-FAS, and fFAS
at approximate sequence scale. CMN-FAS, fFAS,
trans-AT PKS, and PUFA specific sequences
are colored in orange and purple, respectively. A
PUFA-ER specific N-terminal extension is shown
in green. Insertions present in trans-AT PKS,
CMN-FAS, and fFAS are shown in yellow. The
same color code is used throughout.
(C) Phylogenetic tree and distribution of TIM barrel
ER proteins among bacteria and fungi. The tree is
drawn to scale, with branch lengths in the units of
number of amino acid substitutions per site. The
five main groups FabK, trans-AT PKS, PUFA,
CMN-FAS, and fFAS are indicated.
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Still, the evolutionary appearance of the hallmark scaffolding
matrix for integrating functional domains, which defines the
architecture of fFAS (and CMN-FAS), remains enigmatic, as no
intermediate steps of assembly formation have been identified
so far.1776 Structure 22, 1775–1785, December 2, 2014 ª2014 Elsevier Ltd All rights reservedExtension to core conserved folds are
notoriously difficult targets for the anal-
ysis of homology and phylogeny as well
as for structure prediction because
overall sequence conservation in these
regions is extremely weak and strictly
conserved motifs, e.g., representing cat-
alytic sites, are absent. Thus, we use a
hybrid approach of bioinformatic analysis
guided by and combined with experi-
mental structure determination as a gold
standard for the analysis of the evolution
of the fFAS scaffolding matrix (Chung
and Subbiah, 1996; Ponting and Russell,
2002). Bioinformatically, we identify po-
tential evolutionary ancestors of fFAS by
searching for homologs of fFAS domains
that carry insertions to their core folds in
equivalent positions as their fFAS rela-
tives. Crystal structures of candidate
proteins reveal their structural organiza-
tion and unambiguously demonstrate
the fFAS-like organization of the respec-
tive insertion elements.
RESULTS
We hypothesized that scaffolding ele-
ments defining the multienzyme structure
of fFAS might already occur in bacterial
proteins not involved in the formation of
assemblies with fFAS-like complexity.To test this hypothesis, we focused on two distinct functional do-
mains of fFAS, the KS and ER. The KS domain is the defining unit
of fatty acid synthases responsible for the decarboxylative
condensation reaction. Together with the KR, it forms the fFAS
a chain central wheel (Figure 1A). The ER domain of fFAS is
located in the central region of the b chain, which forms the
Structure
Evolutionary Origins of Fungal Fatty Acid Synthasecapping domes (Figure 1A). Direct interactions between insertion
elements of KS and ER connect the dome and central wheel
regions and determine the overall organization of fFAS.
Identification of Extended Triosephosphate-Isomerase-
Barrel ERs in trans-AT PKS and Polyunsaturated Fatty
Acid Synthases
ER domains display an unusual diversity among FAS systems
(Maier et al., 2010; Massengo-Tiasse´ and Cronan, 2009): The ca-
nonical bacterial ER and the metazoan FAS ER are nicotinamide
adenine dinucleotide phosphate-dependent Rossmann-fold en-
zymes, but the ER of fFAS is an 550 amino acid (aa) domain
comprising a triosephosphate-isomerase (TIM)-barrel with a
permanently bound flavin mononucleotide (FMN) and a large
a-helical insertion. Its only distant structural neighbor is the non-
canonical bacterial ER FabK (Saito et al., 2008), a 320 aa dimeric
protein, which contains a conserved TIM-barrel but lacks all
extension to the barrel observed in fFAS ER (Figure 1B).
We have used the minimal TIM-barrel ER FabK for the identi-
fication of TIM-barrel ERs in sequence similarity searches and
reconstructed a phylogenetic tree for this family using a
neighbor-joining algorithm (Figures 1B and 1C). This analysis
identifies two families of ER domains that are more closely
related to fFAS ER than FabK: ER from trans-AT PKS and the
PfaD family of ERs in marine polyunsaturated fatty acid syn-
thases (PUFA). PfaD homologs are standalone enzymes (Allen
and Bartlett, 2002; Gemperlein et al., 2014; Okuyama et al.,
2007) and share a distinct 80 aa N-terminal extension, unique
to PUFA ERs (Figure 1B, green). Trans-AT PKS ER domains
may occur as trans-acting isolated proteins (e.g., PedB, EtnA),
but in most PKS systems, they are attached to one or two AT
domains to form a trans-acting AT-ER protein (Piel, 2010). Mem-
bers of both protein families have not been characterized struc-
turally, but with 450 to 480 residues, they are about 40% larger
than FabK (Figure 1B and Figure S1 available online); the average
sequence identities between trans-AT PKS ER and PUFA ER
domains with fFAS ER are 15%. Sequence alignments identify
three insertion sites in trans-AT PKS/PUFA ER as compared with
FabK: two adjacent insertions (ER-S1/S2) are specific for trans-
AT PKS/PUFA ER domains (Figure 1B, magenta), whereas a
large insertion (Figure 1B, orange) (ER-S3) overlaps with a major
insertion element in fFAS ER (Figure S1).
The trans-AT PKS DfnA Is a Dimeric FMN-Dependent ER
To reveal the structural organization of PUFA- and trans-AT PKS
ER, we crystallized the representative ER domain of DfnA (aa
300–752), a trans-acting AT-ER protein involved in difficidin
biosynthesis (Figure S2A) (Chen et al., 2006, 2007). The crystal
structure was solved bymolecular replacement using FabK (Pro-
tein Data Bank [PDB] ID: 2Z6I) (Saito et al., 2008) as a search
model and refined to Rwork/Rfree of 20.7%/23.3% at a resolution
of 2.3 A˚ (Table 1) with two virtually identical molecules per asym-
metric unit. The DfnA-ER monomer consists of a (b/a)8 TIM-
barrel domain (aa 305–603 and 701–752) with a bound FMN
cofactor and an inserted a-helical substrate-binding domain
(aa 604–700) (Figure 2A). The (b/a)8 TIM-barrel domain closely
resembles FabK with an root-mean-square deviation (rmsd) of
1.7 A˚ over 321 matching Ca atoms. DfnA-ER dimerizes via a
large 1920 A˚2 interface formed by its TIM-barrel domain andStructure 22, 1775–17an extension of a C-terminal a helix (dimerization tip) as observed
for FabK.
The structural analysis reveals that the ER-S1/S2 insertions
expand the TIM-barrel domain relative to FabK by forming a
small subdomain opposite to the dimerization interface and
located 30 A˚ away from the active site (Figures 2A and S2B);
insertion ER-S1 forms a b hairpin (aa 432–442) that packs against
the two helices (aa 463–488) of insertion ER-S2.
The Major Insertion in DfnA Is Structurally Conserved
in fFAS
DfnA-ER exhibits very low sequence conservation (12.7% iden-
tity) to the ER domain (Figure S1) of the fFAS b chain (aa 583–
1,109 in yeast FAS). Nevertheless, the DfnA-ER crystal structure
reveals a close relationship to the fFAS counterpart with an rmsd
of 1.97 A˚ over 360 matching Ca atoms (Figure 2B) (Krissinel and
Henrick, 2004). Short insertions in the TIM barrel domain relative
to theFabKcore fold are either specific toDfnA (insertionsER-S1,
ER-S2, seeabove) or fFAS (aa784–794, 827–840),where they are
involved in contacts to the neighboring AT domain (Figure 3).
The larger ER-S3 (aa 628–674) insertion of DfnA-ER uses
exactly the same insertion site as the major extension of CMN-
ER and fFAS-ER, the C1 insertion (Leibundgut et al., 2007)
comprising residues 879–1,024 in yeast FAS (Figure 2B). The
expansion regions aa 628–650 and 651–674 in DfnA match in a
structural superimposition aa 879–904 and 997–1,024 in yeast
FAS (Figure S3). Between these conserved segments, a further
five-helix bundle (aa 905–996) is inserted in fFAS. As evidenced
by their absence from FabK, the ER-S3 insertion is not required
for a general stabilization of the core fold or a productive active
site conformation. In DfnA-ER it also has apparently no relevance
at the level of the isolated ER domain; it is neither involved in
dimerization nor in DfnA-specific adaptations of the active site.
Its conservation specifically in trans-acting (AT)xER proteins
and PUFA rather suggests an involvement in the formation of
interdomain or transient intermolecular interactions in PKS as-
sembly lines, an analogy to the role of intersubunit connection
C1 for bridging a and b subunits in fFAS (Figure 3).
FabY Is the Closest Monofunctional Relative of the
CMN-FAS and fFAS Ketosynthase
The fFAS KS domain with a length of 720 residues is much
larger than its monofunctional bacterial counterparts FabH
(320 aa) (Castillo and Pe´rez, 2008) and FabB/F (400–420
aa) (Heath et al., 2002). This ismainly due to three large insertions
(Figure 4): the dimerizationmodules 3 (DM3; green and cyan) and
4 (DM4; dark blue) and a C-terminal insertion (CIS; red) (Lei-
bundgut et al., 2007). DM3 forms a core part of the central wheel
and is involved in ACP binding of KS (Leibundgut et al., 2007;
Lomakin et al., 2007). DM4 is located at the periphery of the
KS dimer and provides the attachment point for the PPT domain,
whereas CIS is involved in interactions with the ER domain in
fFAS (Figure 3).
In a bioinformatic search, we identified proteins of the FabY
family as the most extended homologs of the complete fFAS
KS domain (Figure 4). FabY acts as the starter enzyme for fatty
acid biosynthesis in P. aeruginosa by catalyzing the condensa-
tion of acetyl moieties from acetyl-CoA to malonyl-ACP. Its dele-
tion affects growth, siderophore secretion, quorum-sensing85, December 2, 2014 ª2014 Elsevier Ltd All rights reserved 1777
Figure 2. Structure of DfnA-ER and Com-
parison to Bacterial and Fungal Homologs
(A) Cartoon representation of DfnA-ER. The FMN
cofactor is shown in green. The dimerization tips of
the C-terminal helix are shown in red; extensions
ER-S1/S2 (magenta) and ER-S3 (yellow) are indi-
cated. Anchor points for the N-terminally attached
AT domain in full-length DfnA are indicated in pink.
(B) Extension of the ER core fold of FabK in trans-
AT PKS, CMN-FAS, and fFAS. Structures of FabK
(PDB ID: 2Z6I), DfnA-ER, and fFAS ER from
S. cerevesiae (PDB ID: 2UVA) and CMN ER of
S. smegmatis (PDB ID: 3ZEN) are shown in
cartoon representation.
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Evolutionary Origins of Fungal Fatty Acid Synthasesignaling, and lipopolysaccharide synthesis (Six et al., 2014;
Yuan et al., 2012). Members of this recently described family of
ketosynthases (Zhang and Rock, 2012) are 630 residues in
size, about 200 aa larger than other monofunctional bacterial
KSs from the FabB/F family (Figure 4). Our phylogenetic analysis
shows that FabY shares a common evolutionary ancestor with
the KS domain of CMN-FAS and fFAS (Figure 4). FabY has
only 19% overall sequence identity to fFAS KS, but the fFAS
insertions DM3 and CIS have correspondences in FabY (Fig-
ure S4). FabY lacks the DM4 insertion of fFAS, which is involved
in PPT attachment. Interestingly, DM4 is also absent in bacterial
CMN-FAS, which utilize trans-acting PPTs instead of integrated
ones, as exemplified by mycobacterial FAS (Boehringer et al.,
2013; Ciccarelli et al., 2013). As a result, FabY is strikingly similar
over its full length to the KS domain of mycobacterial type I FAS
(26% identity over 600 residues).
Large Core-Fold Extensions in the Noncanonical
P. Aeruginosa Starter KS FabY
To analyze the similarity of fFAS KS and FabY at a structural
level, we crystallized the dimeric 140 kDa P. aeruginosa FabY1778 Structure 22, 1775–1785, December 2, 2014 ª2014 Elsevier Ltd All rights reservedyielding crystals in space group C2221,
with one monomer per asymmetric unit
and the dimeric assembly generated by
crystallographic 2-fold symmetry. The
structure was solved by molecular
replacement using FabF (PDB ID:
2GFW) and refined to Rwork/Rfree 14.8%/
17.7% at 1.35 A˚ resolution. FabY is a
member of the a/b hydrolase superfamily
(Figure 5A) (Dawe et al., 2003; Haapalai-
nen et al., 2006). Structural superimposi-
tions of the FabY core fold only with those
of the three bacterial ketosynthase
families reveals a close match (for 370
aligned residues) to both FabB (rmsd
1.6 A˚) (Olsen et al., 2001) and FabF
(rmsd 1.8 A˚) (Huang et al., 1998) (Figures
S5A and S5B), whereas FabH is structur-
ally more distantly related (rmsd 2.6 A˚). In
line with the core fold similarity, FabY
uses a Cys-His-His (Cys281, His434,
and His474) triad typical for elongating
KSs (FabB/F) enzymes (Figure 5B),whereas the functional orthologs of FabY, the FabH starter
condensing enzyme, is characterized by a His-Asn-Cys catalytic
triad (Yuan et al., 2012) (Figure 5B).
In the high-resolution crystal structure, alternate conforma-
tions are observed for the active site cysteine residue
(Cys281), which are also detected in the spatially adjacent loop
532–535. The active site residues of FabY have similar orienta-
tions as in the elongating KS homologs FabB/F (Figure 5B),
whereas the acyl pocket is much shorter and resembles the
starter condensing enzyme FabH (Figure 5B). This is consistent
with the finding that FabY utilizes only short-chain acyl-CoA as
substrates (Yuan et al., 2012).
While the bacterial KSs FabB/F closely resembles the
catalytic core of FabY, its overall closest relative is the KS
domains of CMN-FAS and fFAS, to which the entire FabY
superimposes with an rmsd of 1.9 A˚ and 2.0 A˚ over 570
matching residues, respectively (Gemperlein et al., 2014). In
comparison to the bacterial canonical ketosynthases, FabY
has three noticeable expansion segments, Shoulder, Arms,
and Butterfly (Figure 5). The Shoulder region (aa 33–83) is
inserted close to the N terminus and comprises two a helices
Figure 3. Location and Interactions of the
ER Domain in fFAS
Cartoon representation of S. cerevesiae FAS (PDB
ID: 2UV8) in front (top) and top view (bottom). The
core of the ER domain is colored in dark gray. ER
expansion segments present in trans-AT PKS,
CMN-FAS, and fFAS are shown in yellow, and
FAS-specific helical insertions are colored orange.
The AT domain is colored in pale pink. The
extension of the KS core fold is highlighted: DM3/
butterfly (green), DM3/shoulders (cyan), CIS/arms
(red), and DM4 (dark blue). Close-up views of the
intersubunit interactions mediated by ER (b chain)
and KS (a chain) in yeast FAS are shown on the
right side.
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from the 2-fold symmetry axis of dimeric FabY. The Butterfly
(aa 98–158) follows only ten residues later and consists of a
shaft formed by two two-stranded antiparallel b sheets, cap-
ped by another three-stranded b sheet. The Arms are formed
by the 80 C-terminal residues of FabY (aa 548–635). They
originate from the terminal b strand of the core fold and
comprise a short and a very long helix spanning the height
of the core domain. The helices are followed by an extensive
linker (aa 586–606) without regular secondary structure ele-
ments that protrude all across to the second protomer. The
terminal region of the Arms forms a small three-stranded
antiparallel b sheet, before ending in a long loop (Figures
S5C and S5D).
All expansion elements are located on the periphery of FabY
distant from the active site. While the Shoulders do not
contribute to dimerization, both the Arms and the Butterfly
expansion contribute considerably to the overall dimerization
interface of FabY via contacts to the core fold or the synonymous
expansion regions of the second protomer, respectively.
The three expansion elements strikingly resemble the struc-
ture of insertion elements observed in fungal and mycobacterial
FAS multienzymes (Figure 5C). The Arms closely match the CIS
insertion comprising residues 3,012–3,089 and 1,659–1,711,
respectively, in CMN-FAS and yeast FAS. The Butterfly and
Shoulder region together resemble an insertion element desig-
nated as DM3 in fungal (aa 1,118–1,179) (Jenni et al., 2007) and
mycobacterial FAS (aa 2,553–2,615) (Boehringer et al., 2013).
DM3 in fFAS is a component of the central wheel structureStructure 22, 1775–1785, December 2, 2014 ªand provides part of the binding inter-
face for the ACP-KS interaction (Lei-
bundgut et al., 2007; Lomakin et al.,
2007). Based on sequence analysis and
the conserved connecting region in be-
tween (Figures 4 and S4), we suggest
that the two expansions, Butterfly and
Shoulder, resulted from independent
insertion events and may have separate
functions. The functional relevance of
the insertion regions remains to be un-
covered: Butterfly and Arms contribute
to dimerization; however, an equivalent
extended dimerization interface is notrequired in other bacterial ketosynthases with a conserved
dimeric structure.
DISCUSSION
Here, we identify and characterize two families of bacterial
enzymes that carry extensions characteristic of the fFAS multi-
enzyme architecture. DfnA is a two-domain, trans-acting
AT-ER protein of the polyketide assembly line for difficidin A
biosynthesis in Bacillus amyloliquefaciens. The structure of its
ER domain is the first representative of a class of trans-acting
ER domains in polyketide and PUFA biosynthesis and demon-
strates their dimeric oligomerization state.
FabY defines a family of noncanonical starter KSwith a narrow
and nonregular distribution in Enterobacteriaceae and Pseudo-
monaceae, including pathogenic P. aeruginosa. FabY inhibition
increases hypersensitivity to antibiotics, but its function can be
bypassed in infection by shunting of external C8 fatty acids (Six
et al., 2014). The structural analysis demonstrates that adaptions
in FabY to its role as a starter enzyme are limited to the active site
and substrate binding pocket and unexpectedly do not involve
the 200 aa inserted to the core fold (Yuan et al., 2012).
The structures of DfnA-ER and FabY demonstrate a striking
similarity in extensions to the enzymatic core domains as
compared with scaffolding elements in the CMN-FAS and fFAS
multienzymes. The entire FabY with its insertion regions closely
resembles the KS domains of fungal and particularly of CMN-
FAS. In FAS, this domain is located in the central wheel, in a
key position for nucleating complex assembly. The conserved2014 Elsevier Ltd All rights reserved 1779
Figure 4. Comparison of Bacterial and Fungal KS
Proteins and Domains
(Top) Linear sequence organization of the KS proteins
FabF and FabY and the KS domains of CMN-FAS and
fFAS, at approximate sequence scale. The DM3 domain
is colored cyan and green, the DM4 andCIS insertions are
shown in blue and red, respectively.
(Bottom) Phylogenetic tree and distribution of KS I/II
domain-containing proteins among bacteria and fungi.
The tree is drawn to scale, with branch lengths in the units
of number of amino acid substitutions per site.
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Figure 5. Structural Analysis of FabY
(A) Cartoon representation of dimeric (dark and
light colors) FabY.
(B) Active site of FabH (top) (PDB ID: 1NHJ) (Six
et al., 2014), FabY (middle), and FabF (bottom)
(PDB ID: 2GFY) (Yuan et al., 2012). The substrate
entry and acyl pocket of the KS domains are ori-
ented to the left and right, respectively. Active site
residues and the dodecanoic acid (red) bound to
FabF are shown in stick representation. Dual
conformations of the active site Cys281 in FabY
are indicated. The acyl pocket in the starter KS
FabH and FabY are significant shorter than in the
elongation KS FabF.
(C) Extension of the KS core fold of FabF in FabY,
CMN-FAS, and fFAS. Structures of FabF (PDB ID:
1GFW), FabY, and the KS domains of
S. cerevesiae (PDB ID: 2UV9) and M. smegmatis
(PDB ID: 3ZEN) FAS are shown in cartoon repre-
sentation. The insertion of butterfly (green),
shoulders (cyan), and arm (red) in FabY are struc-
turally conserved in CMN-FAS and fFAS. The
fFAS-specific DM4 is shown in dark blue.
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crucial role in the organization of the central hub region (Figure 6,
DM3/butterfly) and contributes to the ACP binding interface for
KS interaction. The CIS/arm interlinks the two protomers in the
dimer (Figures S5C and S5D) and orients the DM3/shoulder
extension for the core contacts with the ER domain of the b chain
(Figure 3, DM3/shoulders).
DfnA-ER carries an extension to its helical subdomain, which
uses identical anchor points and overlaps with the C1 insertion
to the fFAS ER. The dimer interface of DfnA-ER has small overlap
with the interdomain interface between the AT and ER domain in
fFAS (Figure S6). For DfnA-ER and FabY, the conserved exten-
sions do not contribute to the formation of active sites or
substrate binding pockets, suggesting a role in stabilization,
interdomain, or even intermolecular interactions. Such higher
order interactions are confirmed for PksE, a DfnA homolog of
the Bacillaene biosynthesis cluster of B. subtilis, which colocal-
izes with a bimodular PKS megaenzyme, PksR, and other PKS
components to build a giant membrane-associated megacom-
plex (Straight et al., 2007).
Our structural characterization of bacterial monofunctional
proteins implementing parts of the CMN-/fFAS scaffolding ele-
ments provides evidence of an evolutionary route to the devel-Structure 22, 1775–1785, December 2, 2014 ªopment of the fFAS multienzyme archi-
tecture (Figure 7). Bacterial proteins of
fatty acid, or polyketide and PUFA
biosynthesis acquired initial extension
elements, which (1) contributed to the
stability of homo-oligomeric interactions,
(2) provided interfaces for interdomain
interactions in multidomain proteins,
and (3) contributed to protein-protein in-
teractions. Gene fusions of several of
these proteins formed larger gene prod-
ucts, possibly a KSdAT-ER complex,
which already used the extensions iden-tified in FabY and DfnA. There are currently no indications for
the origin of the KR, malonyl-palmitoyl transferase (MPT), and
ACP domains, which may have evolved from monofunctional
FAS enzymes. Interestingly, the DH region of fFAS and DH
proteins in PUFA biosynthesis are the only DH variants con-
taining more than two successive hotdog folds (Oyola-Robles
et al., 2013) (Figure 7). Domain integration continued until a
complete fatty acid synthase encoded by a single gene
emerged as an evolutionary stable system in the CMN-group
bacteria. Remarkably, a closely related FAS gene product,
which already contains a partial DM4 extension, used
in fFAS for PPT attachment, is found in the distant bacterial
family of helically coiled Leptospira (Figures S4, S7A, and
S7B; Supplemental Results and Discussion).
A fungal-type FAS has been described in genomes of fungi
from all clades (Figure S7C). Thus, it was likely already encoded
in the last fungal common ancestor (LFCA) (James et al., 2006).
The fungi closest to LFCA, exemplified by the euchytrid Spizello-
myces punctatus andBatrachochytrium dendrobatidis, are char-
acterized by single-gene encoded multienzyme FASs, which in
contrast to bacterial multienzyme FAS is closed by the trimeric
capping insertion and comprises an internal PPT domain (Fig-
ures S7A and S7B). The splitting into two genes in various2014 Elsevier Ltd All rights reserved 1781
Figure 6. Interactions of the KS Domain
in fFAS
Front view on S. cerevisiae FAS (PDB ID: 2UV8)
(left) and a top view onto the isolated a chain
central wheel (right). The core of the ER domain
is colored in dark gray; ER insertions present in
trans-AT PKS as well as in CMN-FAS and
fFAS are shown in yellow, and FAS-specific ER
insertions are colored orange. The extension
of the KS core domain is indicated: DM3/
butterfly (green), DM3/shoulders (cyan), CIS/arms
(red), and specific dimerization module 4 (DM4)
(dark blue).
Structure
Evolutionary Origins of Fungal Fatty Acid Synthasepositions occurs at larger evolutionary distance from LFCA
around the development of Glomeromycota, Basidiomycota,
and Ascomycota (Figure S7C). Despite the general presence of
PPT, the DM4 insertion used for PPT attachment in yeast
FAS is absent in Ustilagomyceteae-FAS, likely due to a second-
ary loss.
Our results clearly identify bacterial monofunctional proteins
that implement scaffolding elements to found one of the most
complex eukaryotic multienzymes, the fFAS. Careful phyloge-
netic and structural characterization links fFAS evolution to
bacterial fatty acid and polyketide metabolism. The data enable
targeted studies on the role of expansion elements in monofunc-
tional and multifunctional enzyme systems and contribute to a
functional dissection of the fFAS multienzyme architecture.
This work is an important milestone toward the rational tailoring
and synthetic construction of multienzyme-inspired molecular
factories. Our approach of combining structural and phy-
logenetic data may well serve as a blueprint for the analysis of
other eukaryotic multienzymes.1782 Structure 22, 1775–1785, December 2, 2014 ª2014 Elsevier LtdEXPERIMENTAL PROCEDURES
Sequence Data Retrieval, Alignment, and Phylogenetic Analyses
The amino acid sequences of all proteins were retrieved fromGenBank (http://
www.ncbi.nlm.nih.gov/sutils/genom_table.cgi). A BlastP search was per-
formed using the protein sequence of FabK, fFAS ER, FabF, and fFAS KS as
the query sequence against completed bacterial and fungal genomes. A total
of 47 ER domains and 80 KS domains derived from the complete genome sur-
vey was subjected to a phylogenetic analysis (Table S1). Sequences from each
enzyme family were selected to have 40%–80% sequence identity to each
other. Alignments were created using ClustalW and adjusted manually based
on structural alignments using Geneious v.6.0. Rooted phylogenetic trees
were generated by the Neighbor-Joining method using a Jukes-Cantor dis-
tance model. Bootstrapping was done using 100,000 random seeds, which
were replicated 10,000 times.
Cloning, Expression, and Purification of DfnA-ER
The ER domain of DfnA (A7Z6E3, residues 300–752) from Bacillus amylolique-
faciens FZB42 (DSM 23117) (Chen et al., 2006, 2007) was cloned from
genomic DNA and cloned into the expression plasmid pNIC28-Bsa4 (Savitsky
et al., 2010). Here the protein is linked to an N-terminally hexa-His-tag followed
by a TEV-protease cleavage site. The protein was overproduced in E. coliFigure 7. Origin and Development of the
fFAS Multienzymes Architecture
AT-ER proteins from trans-AT PKS and mono-
functional ketosynthase FabY already contain key
interact segments to mediate first transient con-
tacts. These transient interactions were further
strengthened by additional expansion segments,
and gene fusion and additional enzymatic do-
mains were implemented. Possibly DH domains,
as found in PUFA, and KR, MPT, and ACP do-
mains from bacterial type II FAS system, build a
stable open bacterial CMN-FAS architecture,
which was transferred to and developed (e.g.,
additional expansion segments shown as black
boxes) in fungi to the closed fFAS architecture.
The two only known DH families containing
multiple hotdog folds are fFAS (triplet) and
PUFA (quadruple) and possibly share a common
ancestor.
All rights reserved
Table 1. Statistics on Diffraction Data and Refinement of FabY
and DfnA-ER
FabY DfnA-ER
Wavelength (A˚) 0.99997 1.0003
Resolution range (A˚) 49.7–1.35
(1.40–1.35)a
47–2.30
(2.38–2.30)a
Space group C 2 2 21 P 21 21 21
Unit cell 99.4 123.3 100.6 80.9 94.0 144.5
a, b, g () 90 90 90 90 90 90
Total reflections 875,960 (78,609) 350,174 (33,349)
Unique reflections 134,985 (13,224) 52,945 (5,162)
Multiplicity 6.5 (5.9) 6.6 (6.5)
Completeness (%) 99.85 (98.80) 99.93 (99.71)
Mean I/sigma(I) 17.30 (1.59) 17.99 (1.38)
Wilson B-factor 12.97 46.72
R-merge 0.060 (1.005) 0.071 (1.256)
R-measb 0.065 0.077
CC1/2 0.999 (0.60) 0.999 (0.54)
CCa 1 (0.87) 1 (0.84)
R-work 0.148 (0.281) 0.207 (0.311)
R-free 0.177 (0.301) 0.233 (0.333)
Number of atoms 5,934 7,122
Macromolecules 5,067 6,802
Ligands 6 62
Water 861 258
Protein residues 638 875
RMS (bonds) 0.009 0.007
RMS (angles) 1.28 1.00
Ramachandran favored (%) 97.0 98.0
Ramachandran outliers (%) 0.15 0.23
Clashscore 4.25 1.74
aValues in parentheses are for the highest resolution shell.
bR-meas and CC are provided as defined in the XDS software package
(Kabsch, 2010a, 2010b).
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Evolutionary Origins of Fungal Fatty Acid SynthaseBL21(DE3) pRIL pL1SL2 (Betancor et al., 2008). Cells were lysed by sonication
in 50mMHEPES/NaOH, 500mMNaCl (pH 7.4), and 20mM imidazole, and the
supernatant was cleared by centrifugation. DfnA-ER was purified by immobi-
lized metal-affinity chromatography on a Ni-NTA column (elution with 250 mM
imidazole), with His-Tagged TEV-protease digested (Kapust et al., 2001),
followed by a Ni-NTA column step, and then subjected to size-exclusion chro-
matography in 20 mMHEPES/NaOH (pH 7.4), 250 mMNaCl, 5% glycerol, and
5 mM dithiothreitol (DTT) on a Superdex S200 column (GE Healthcare). The
protein-containing fractions were pooled and concentrated in Amicon Ultra
units (Millipore).
Cloning, Expression, and Purification of FabY
FabY (PA5174) was PCR amplified from Pseudomonas aeruginosa PAO1
genomic DNA and cloned into the expression plasmid pNIC28-Bsa4 (Savitsky
et al., 2010). The protein was overproduced in E. coli BL21(DE3) pRIL pL1SL2
(Betancor et al., 2008). Cells were lysed by sonication in 50mMHEPES/NaOH,
500mMNaCl (pH 7.4), and 40mM imidazole, and the supernatant was cleared
by centrifugation. FabY was purified by metal-affinity chromatography on a
Ni-NTA column (elution with 250 mM imidazole) and then subjected to size-
exclusion chromatography in 20 mM HEPES/NaOH (pH 7.4), 250 mM NaCl,
5% glycerol, and 5 mM DTT on a Superdex S200 column (GE Healthcare).
The protein-containing fractions were pooled and concentrated in Amicon
Ultra units (Millipore).Structure 22, 1775–17Protein Crystallization and Structure Determination
FabY crystals grew in sitting drop setups at 4Cat a protein concentration of 8–
12 mg/ml using 0.2 M Li2SO4, 0.1 M Bis Tris (pH 5.5), and 15% polyethylene
glycol 3350. Crystals were flash frozen in liquid nitrogen after addition ethylene
glycol to 25% (v/v). DfnA-ER crystals were obtained at room temperature in
15% PEG3350, 0.1 M sodium malonate, and 0.1 M Bis Tris at pH 6. Crystals
were flash frozen after gradually increasing the ethylene glycol concentration
to 20% (v/v) over 2 hr. Data were collected at beamlines PXI and PXIII of the
Swiss Light Source (Paul Scherrer Institut) and processed using XDS (Kabsch,
2010a, 2010b). FabY crystals belong to space group C2221 with unit cell
parameters of a = 99.4 A˚, b = 123.3 A˚, and c = 100.6 A˚ and two molecules
per asymmetric unit. Structure determination was performed by molecular
replacement with the FabF crystal structure (PDB ID: 1KAS) (Huang et al.,
1998). The final FabY model includes all residues. DfnA-ER crystallized in
space group P212121 with cell dimensions a = 80.8 A˚, b = 94.0 A˚, and c =
144.5 A˚ and two molecules per asymmetric unit. The final model comprises
residues 304 to 751. Residues 300–303, 496–509, and 752 could not be built
in the electron density map. Structure determination was performed bymolec-
ular replacement with FabK ER as a search model (PDB ID: 2Z6I) (Saito et al.,
2008). Model building and structure refinement were performed for both struc-
tures with Coot (Emsley and Cowtan, 2004), PHENIX (Adams et al., 2002), and
Buster-TNT (Blanc et al., 2004) (Table 1).
ACCESSION NUMBERS
The atomic coordinates for FabY and DfnA-ER have been deposited in the
RCSB Protein Data Bank under the accession codes 4CW4 and 4CW5.
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